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Abstract—Three series of anodic alumina membranes have been studied using the small-angle diffraction of
neutrons and synchrotron radiation. The samples are obtained by the oxidation of aluminum wafers by sul-
furic and oxalic acids at various anodization voltages and differences in the distance between the pores. Using
experiments on small-angle diffraction, a linear dependence between the average grain size of an initial alu-
minum wafer and the average rectilinearity of pores of the synthesized membranes is established. We suggest
that the observed correlation is caused by the influence of the crystallographic orientation of grains of an ini-
tial aluminum wafer on the growth of a porous oxide film.
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INTRODUCTION

The investigation into the processes of self-organi-
zation of nanostructures is a topical problem of mod-
ern material engineering. The membranes of anodic
alumina (AA) are typical representatives of nanodi-
mensional self-organized structures whose feature is a
hexagonally ordered system of cylindrical pores,
which is obtained as a result of the anodization of an
aluminum substrate [1]. A change in the conditions of
synthesis (composition of the electrolyte, applied volt-
age, quality of aluminum to be used, etc.) makes it
possible to vary the diameter of pores, the degree of
their ordering, and the thickness of the membrane in
wide limits, making this method promising from the
point of view of the development of porous structures
of various functional applications [2—6]. It should be
noted that the use of optimal parameters of synthesis
makes it possible to achieve membranes with an
extremely high degree of rectilinearity of pores and a
hexagonal type of ordering of the channels close to an
ideal one.

Porous AA films find applications in various spheres
of science and engineering. They are used as inorganic
membranes [7—9], a basis for the synthesis of nanocom-
posites or wirelike nanostructures [10—14], and two-
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dimensional photon crystals [15]. Examples of the
creation of high-technological devices such as gas sen-
sors, supercondensors, memory cells, etc. [1, 16—18],
based on AA films are known. The quality of mem-
branes and, hence, the materials based on them sub-
stantially affects their functional properties. In con-
nection with the above, the development of efficient
techniques for the fabrication of AA with an ordered
porous structure and studying basic principles of its
formation in combination with the development of the
approval of spatially ordered nanomaterials are topical
problems of the modern material engineering.

This work is a continuation of studies which we car-
ried out earlier on the structure of AA membranes and
its connection with the synthesis conditions. The use
of small-angle techniques of neutron scattering
(small-angle neutron scattering (SANS)) and of the
synchrotron radiation (small-angle X-ray scattering
(SAXS)) makes it possible to obtain data about the
degree of the ordering of pores (longitudinal correla-
tion length, average size of domains, and mozaic
structure) in the whole sample volume [14—16]. We
note that the often applied techniques of probe or
electron microscopy give local information only about
the surface of a porous film.
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Structural parameters of films of anodic aluminum oxide according to the data of scanning electron microscope (SEM),
small-angle scattering of neutrons (SANS), and SAXS

Conditions of | Average size | Thickness of Average distance between pores, nm Diameter of

Names of | acquisition (elec- | of crystallites | membrane L, pores (accord-

RIS | mperaturey | Cmmd " |SEM dataypm| SEMT | SANS | saxs | qRjedl

AAS1 0.3 M H,S0O,, 0.427 10 63%9 65.6 64.8 161

AAS2 | BV, 2°C 0.904 22 67.9 64.7

AAS3 0.217 28 64.5 62.9

AAS4 0.484 52 65.5 63.1

AAO1 | 0.3 M (COOH),, 0.381 10 102+ 6 104.4 102.7 52+3

AAO2 |40V, 2°C 0.390 16 104.7 102.7

AAO3 0.117 34 105.1 102.2

AAO4 2.276 40 - 102.2

HAI1 0.3 M (COOH),, 0.273 15 256 + 27 220 222.1 193+ 18

HA2 | 140V, —2°C 0.594 17 265 + 25 239 299.5

HA3 0.655 22 287 £ 19 283 304.8

HA4 0.490 39 288 + 24 288 290.8

* The data are obtained from the lower side of the membrane (anodization end) after the removal of the barrier layer.

It was shown in [19] that, by using the SANS
method, the degree of ordering of pores in the AA
membranes strongly depends on the initial aluminum
quality. Both chemical purity of the material and its
crystalline structure affect this property.

However, it was stated in [20] that the influence of
an aluminum substrate on the self-ordering of pores is
limited only by the purity and crystallographic orien-
tation of the Al substrate, while the density of disloca-
tions, the size of grains, and their shape do not corre-
late with the degree of ordering of pores. This work is
mainly aimed at studying the influence of the alumi-
num substrate microstructure (grain size) on the
ordering of pores in the direction of their growth (in
the longitudinal direction). Three series of AA mem-
branes were studied which differed in the average dis-

Fig. 1. Photograph of aluminum substrate prior to anod-
ization.
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tance between the pores and the thickness, and the
average sizes of grains of the initial aluminum sub-
strate differed inside each series. A linear dependence
between the average grain size of an initial aluminum
wafer and the average rectilinearity of pores for the
synthesized membranes was revealed. It is assumed
that the observed correlation is due to the influence of
the crystallographic orientation of the grains of an ini-
tial aluminum wafer on the growth of a porous oxide
film.

SAMPLES UNDER STUDY
AND EXPERIMENTAL SETUPS

Three series of samples of porous aluminum oxide
with different distances between adjacent pores D,
were studied in our work. The series AAS (D,,, = 65 nm)
and AAO (D,,,= 105 nm) were obtained by a two-stage
anodic oxidation, while the samples HA (D,,, = 250—
290 nm) were synthesized under conditions of “hard”
anodization [4]. The conditions of acquisition and the
main structural parameters of the samples are pre-
sented in the table. As an initial material, we used
wafers of high-purity polycrystalline Al (99.999%, a
thickness of 0.5 mm, Goodfellow); their typical
microstructure is presented in Fig. 1. Prior to anodiza-
tion, aluminum was annealed at a temperature of
500°C in air for 12 h in order to remove mechanical
stresses in metal and increase the sizes of grains. Then,
the substrates were subjected to mechanical polishing
with diamond pastes (Struers) up to a mirror luster and
rinsed several times in acetone and deionized water in
an ultrasound bath. The aluminum substrates differed

Nos. 9—10 2013
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from each other in the average size of crystallites, which,
according to the statistical processing of photographs for
different substrates, varied from 0.1 to 0.9 mm?. The area
of oxide films was determined by the dimension of the
window in the electrochemical cell and was constant
(0.8 cm?) for all samples studied. Inside a series, the
samples were numbered according to an increase in
the membrane thickness measured by scanning elec-
tron microscope (SEM) (the table). SEM images of
AA membranes were obtained on a LEO Supra 50 VP
device.

Experiments on the small-angle diffraction of neu-
trons were carried out on a SANS-2 (GKSS, Ger-
many) setup with the use of neutrons with wavelengths
of 6, 9, and 12 A, monochromaticity of AA/A = 0.1,
and beam divergence of n = 1.5 mrad. The method of
sample swinging was applied in the experiment [21].
The area of the sample region illuminated by the beam
was 0.5 cm?. The film was rotated with respect to a
fixed vertical axis Y located in the film plane and nor-
mal to the direction of neutron-beam spreading by an
angle of £2.5° with a step of 0.1° (Fig. 2) [21]. The
sample—detector distance amounted to 10 and 14 m,
depending on the wavelength of neutrons used. Dif-
fraction patterns were registered with the help of a
position-sensitive detector with a resolution of 256 x
256 cells of 2.2 x 2.2 mm?, each. The chosen geometry
of the experiment made it possible to observe diffrac-
tion images in the range of transmitted pulses from
0.01t0 0.3 nm™".

Experiments on the small-angle diffraction of syn-
chrotron radiation were carried out on a Dutch—Bel-
gian line BM-26 DUBBLE [22, 23] of the European
Synchrotron Radiation Facility (ESRF) in Grenoble
(France). We used an X-ray beam with an energy of
13 keV (wavelength A = 0.95 A), transmission band of
AL/A =2 x 107*, and size of 0.5 x 0.5 mm? on the sam-
ple. In order to focus the beam onto a luminophor
screen of a two-dimensional CCD detector (Photonic
Science, 4008 x 2672 points of a size of 22 x 22 pm?)
located at a distance of 8 m from the sample, we used
a set of berillium lenses. The samples were fixed on a
goniometric head, which made it possible to orient
them with respect to horizontal and vertical axes.

EXPERIMENTAL TECHNIQUE
ON SMALL-ANGLE DIFFRACTION

The features of the small-angle diffraction of neu-
trons on the membranes of anodic aluminum oxide
were studied in detail in [21]. It was shown that a well-
correlated self-ordered hexagonal porous structure of
AA films plays the role of an unusual two-dimensional
diffraction grating for a neutron wave falling along the
axis of pores. In this case, the thickness of the film (the
length of pores) plays an important role in transferring
from a weak to strong regime of interaction, which can
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Position-sensitive
detector

Fig. 2. Schematic image of an experiment on small-angle
neutron scattering.

go out from the limits of the Born approximation. It is
established that the long beam coherence along its
spreading direction, typical for standard devices of
small-angle scattering, is the reason for the high effi-
ciency of neutron scattering at a porous structure of AA.

The concept of small-angle diffraction on a mem-
brane with ordered pores developed in [21] describes
diffraction as an interference of waves limited either by
the degree of ordering of the structure under study or
by the coherence of neutron beam (its resolution). The
coherence of the neutron beam is determined as a
region in the space in which an interference between
the waves scattered inside a given sample volume is
observed. The coherent volume is a wavepacket with
the shape of an ellipsoid of revolution (Fig. 2). The
coherent length of the neutron beam in the transverse
direction (/, = A/n) is determined mainly by an angle
resolution of the beam n, i.e., by collimation. For the
SANS-2 device, it amounts to /. = 500 nm; therefore, by
scattering at a structure with a period of D;,, = 105 nm,

only N = (I,/D,,))* = 25 pores from ~10!? illuminated

2013
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Fig. 3. Comparison of coherence lengths for neutron beams and X-ray radiation with typical sizes of the objects under study.

by the neutron beam appear to be inside of one coher-
ent beam’s volume. The pores located farther than /;
are irradiated by waves with noncoherent phases.

The length of beam coherence in the longitudinal
direction according to [21] can be estimated as

ll n ( 7\, )d2
g S T~ L)L (1)
Frone 2sin’(0,) \AM A

where /,,, = A?/AM is the length of coherence deter-
mined by the spectral width of the source AA. Here we
used the Bragg law by replacing 6 ; — A/2d, where d is
the interfacial distance. Thus, in a small-angle diffrac-
tion, the coherent length is inversely proportional to
the wavelength of neutrons A and in our case is limited
by 50—100 um. The longitudinal coherent length in
the SANS experiment can be directly measured
through the width of the Bragg peak, which is obtained
as a function of the reflex intensity on the angle of
sample swinging. The width of the swinging curve 0 is
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connected with the coherent length L, by the follow-
ing expression:
2n 2n

“UAQ, Qpsind @)
If the longitudinal coherent length of the beam L,
exceeds the length of pores L, then in the case of their
ideal ordering, L, .,,, found in the experiment will be
equal to the length of a pore L, i.e., the thickness of the
sample. And, vice versa, if L,,,, is smaller than the
length of ideal rectilinear pores or segments of pores L,
then L, ., will be equal to the coherent length of neu-
tron beam L,,,,, which depends on A (Eq. (1)). It was
shown in [21] that, for the SANS-2 device, the param-
eter Ly, for wavelengths A, =6, 9, and 12 A amounted to
19, 12.6, and 10 um, respectively. For the device used for
SAXS in our work (line BM-26 DUBBLE) the parame-
ter Ly, for the wavelength A = 0.95 A amounted to
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Fig. 4. Dependence of passed pulse of neutron scattering
for the sample AAO3 at wavelength A = 0.6 nm.

55 mm, while the transverse coherent length /. of the
beam in the sample region was equal to 50 um [24].

Figure 3 shows a comparison (in a logarithnic scale of
linear dimensions) of main characteristics of the beams
of neutrons and X-ray radiation with the structural
parameters of the samples under study. It is clearly seen
that the value of the longitudinal coherence L,,,, of the
beams used allows us to measure the longitudinal coher-
ent length of pores for all AA membranes studied.

RESULTS AND DISCUSSION

In SANS and SAXS experiments, for all samples
studied independently of the thickness, concentric

rings with the ratio of radii 1 : V3 : 2 were observed in
the neutron and X-ray (synchrotron) diffraction pat-
terns, which are a consequence of the presence of a
great number of domains that are off-oriented with
respect to each other (regions inside of which the
pores form a strict two-dimensional hexagonal lattice)
in a porous structure of anodic aluminum oxide [20].
By determining the position of the vector Q,, (Fig. 4)
and taking into account the hexagonal structure of
channel ordering, we found that the average distance
between the pores D, for the series of AAS and AAO
samples amounted to 65 and 105 nm, respectively.
This agrees well both with the microphotographs
obtained from the upper (anodization start) and lower
(anodization end) surfaces of membranes (Fig. 5a)
and with the literature data [2]. Figure 6 shows the
dependence of the average distance between the pores
D, on the thickness of membranes. We note that, for
all samples of series AAS and AAO, the values of D,
practically do not change with the sample thickness;
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(b) 500 nm

Fig. 5. SEM image of AA membranes from the side of the
substrate after the selective dissolution of Al and removal of
the barrier layer: (a) sample AAO4; (b) sample HA4.
Inserts show photos of the upper part of the membrane
formed at the beginning of the synthesis.

therefore, Fig. 6 shows only the results of SAXS mea-
surements as an example.

On the contrary, in the case of obtaining oxide films
by the method of hard anodization (series of samples
HA), the average distance between the pores D, grad-
ually increases, with an increase in sample thickness L
becoming constant only for samples with a thickness
of more than 40 pm (Fig. 5b). Most clearly this is
shown on the dependence obtained with the help of
ESM. An increase in the distance between the pores
Dy, in the process of growth of the membranes of
series HA is associated with the features of a hard
anodization method [4]. At the initial stage, in order to
prevent an electrical breakdown of the oxide film, the

2013
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Fig. 6. Dependence of the average distance between the pores
D;,; on the thickness of samples according to the data of scan-
ning electron microscope (SEM), small-angle neutron
scattering (SANS) and small-angle X-ray scattering (SAXS).

voltage is increased, gradually achieving a synthesis volt-
age of 140 V only after a certain time interval. It is worth
noting that the distance between the pores depends lin-
early on the applied voltage. Thus, the average distance
between the pores repeats the regime of changes in the
voltage, i.e., increases at the initial stage and is constant
under conditions of anodization at a fixed voltage. The
structure of membranes obtained in the regime of hard
anodization may be conditionally partitioned by the
thickness into three zones (see Fig. 6).

The I zone is formed at the stage of the linear
increase in the voltage to the required value (140 V)
and is characterized by a quickly growing diameter and
distance between the pores, which necessarily leads to
the growth of some channels stopping [9]. A recon-
struction of the porous structure strongly affects the rec-
tilinearity of pores in the membrane. The existence of
the II™ zone with a slowly increasing distance between
the pores from the value achieved by the moment of the
voltage reaching a constant value is due to a delay in the
stabilization of all the system parameters (in particular,
the temperature). Finally, the I1I" zone with a constant
value of the distance between the pores characterizes
the growth of the oxide film in a stable regime.

Figure 5b shows an image of the lower surface of
the membrane HA4 after the removal of the barrier
layer. The insert shows a microphotograph of the
upper side, which visualizes the surface of the mem-
brane formed at the beginning of the anodization pro-
cess. It can be seen that the distance between the pores
at the moment of their nucleation is much smaller
than its average value D,,, typical for the lower side of
the membrane. By comparing the curves obtained by
SEM and SANS, we can see that, in the latter case, the
calculated distance between the pores has a smaller
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Fig. 7. Curves of swinging for reflexes [ 10] and [ 10 ] ¢ of the
sample AAO3 of 20 um thickness. Small-angle diffraction
patterns are obtained with the use of neutrons with a wave-
length of A = 9 A. Solid line indicates the result of fitting
the experimental curve by the Gaussian. The insert shows
an example of the dependence of the width of the curve of
swinging &8 (FWHM) on the wavelength of neutrons for the
samples of series AAS.

value because the averaging takes place over the whole
sample thickness.

In order to determine the longitudinal coherent
length L, ., in the structure of porous films of anodic
aluminum oxide, the curves of swinging were obtained
(Fig. 7). The experimental data were approximated by
the Gauss function with the width 8, position o, ,, and
an integral amplitude A;,,.

The dependence of the width of the curve of swing-
ing on the wavelength of neutrons for series AAS is
shown in the insert to Fig. 7. The constancy of the
width of the curve of swinging & in dependence on A
indicates that the longitudinal coherent length L, .,
does not exceed the beam coherence in the corre-
sponding direction L,,,, = 19, 12.6, and 10 um for
wavelengths 6, 9, and 12 A, respectively [21].

The values of L, ., calculated from the data of SANS
and SAXS vary from 0.75 to 13 um (see Fig. 8). We note
that in all cases the longitudinal correlation length of
channels (the distance at which the pores decline from
their axis by a value not exceeding D) appears to be
smaller than the membrane thickness. A distortion of
pores along the direction of their growth may be asso-
ciated both with the reconstruction of the porous
structure in the process of self-organization [25] and
may be a consequence of the fine-grained structure of
anodized aluminum substrates (Fig. 1).

In order to check these hypotheses, we built plots of
the dependences of the coherent length L on the

Z, exp
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to the number of the sample inside the series.
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average size of grains of the aluminum substrate of the
corresponding sample (Figs. 8a—8c), as well as on the
sample thickness L (Figs. 8d—8f). It can be seen that,
in the case of the samples synthesized at a constant volt-
age (series AAS and AAO), the value of L, characteriz-
ing the average length of the rectilinear segments of
pores substantially increases with the growth in the
average grain size of an Al substrate (Figs. 8a, 8b). The
duration of anodization, which determines the thick-
ness of a porous film, plays a secondary role: L, for sam-
ples obtained in the same conditions on substrates with
a similar microstructure (see, e.g., AAS1 and AAS4 in
Fig. 8a) appears to be longer for a thicker oxide film.

It should be noted that a difference in the values of the
coherent lengths L_ obtained by SANS and SAXS meth-
ods is associated with the area of an illuminated sample
region. In the case of the SANS method, practically the
whole surface of an oxide membrane is irradiated, while
in the case of SAXS method a region of one or several
crystallites of the substrate is irradiated (see Fig. 3). We
note that the longitudinal coherent length of pores both
within the whole sample and in a region of one crystallite
remains a value of the same order of magnitude. This is
associated with the predominant growth of channels in
the direction normal to the substrate surface defined by
the lines of force of the electric field.

For samples of series HA, an explicit correlation
between the longitudinal coherence of pores and the
average grain size was not observed, which is due to the
simultaneous influence of both the crystalline struc-
ture of the substrate and a change in the average dis-
tance between the pores at the initial stage of synthesis
by an increase in the anodizing voltage. We note that a
maximum value of L_ in the given series was observed
for the thickest sample HA4. This is not surprising
because the direct channels are formed only at the
final stage, when all parameters of anodization (volt-
age and temperature) are constant.

CONCLUSIONS

Using complementary methods of the small-angle dif-
fraction of neutron and synchrotron radiations, as well as
SEM, the value of the longitudinal coherence of the sys-
tem of pores for the films of anodic aluminum oxide
obtained in various conditions is quantitatively deter-
mined and the dependence between the rectilinearity of
channels and grain size of the initial aluminum substrate
is established. It is shown experimentally that, in the films
of anodic aluminum oxide obtained by the method of
two-stage oxidation of coarse-crystalline aluminum in the
regime resulting in the formation of a self-organized
structure, the longitudinal correlation length of the system
of pores can exceed 10 um.

The growth of the longitudinal coherence of the
structure with an increase in the average size of metal
grains can be accounted for by the influence of the
crystallographic orientation of individual crystallites

NANOTECHNOLOGIES IN RUSSIA  Vol. 8
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on the growth of oxide film [25, 26] due to different
rates of oxidation of different crystal faces. This sug-
gestion will be a subject for further studies.
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